We consider a decentralized supply chain with a downstream manufacturer and an upstream supplier. The upstream supplier sells a product to the manufacturer, who faces a quality and price sensitive demand. The supplier has a chance to invest in both cost reduction and quality improvement of its product. We derive the optimal investment and pricing decisions for the supply chain members. We do so in both the centralized and the decentralized supply chains. We show that the optimal investment and pricing decisions in the decentralized supply chain may deviate from that in the centralized supply chain. We develop a mechanism to coordinate the decentralized supply chain. The developed mechanism contains four policies: wholesale price, sharing of revenue, sharing of cost reduction investment cost, and sharing of quality improvement investment cost. We also show that the developed coordination mechanism can lead to Pareto improvement.
Introduction
Low production cost and high product quality are key components in achieving competitive advantage. In reality, many firms have made investments to reduce their production costs and improve their product quality, to create competitive advantages in the increasingly volatile marketplace. For example, in automotive industry, it is quite common that component suppliers engage not only in cost reduction activity and but also in quality improvement activity [1] . In computer industry, many computer manufacturers make investments in both cost reduction and quality improvement [2] . Moreover, empirical studies show that IT investment enables a firm to achieve both cost reduction and quality improvement [3] .
There is extensive research on cost reduction investment and quality improvement investment in supply chains. The existing research supposes that a supply chain player makes investment in either quality improvement or cost reduction. For example, Xu [4] considers a supply chain where the upstream firm makes quality improvement investment.
Xie et al. [5] analyze quality improvement investment of a risk-averse upstream firm. Chao et al. [6] explore quality improvement investments of both the upstream and the downstream firms. Seifbarghy et al. [7] investigate the upstream firm's quality improvement investment in a supply chain where customer demands are divided into two categories. Chen et al. [8] consider quality improvement investment in a dual-channel supply chain where the product can be delivered through both the direct and the retail channels. Yu and Ma [9] and Li and Chen [10] study quality improvement investments in a supply chain with multiple upstream firms and one downstream firm. Chen et al. [11] study quality improvement investments in a supply chain with one upstream firm and multiple downstream firms. Zhu et al. [12] and Ma et al. [13, 14] coordinate a supply chain, where the upstream firm conducts quality improvement investment. Yang and Xiao [15] develop a coordination mechanism for a supply chain where consumers are loss-averse in service quality.
There is also some research on cost reduction investment in supply chains. For example, in a supply chain with one 2 Mathematical Problems in Engineering upstream firm and one downstream firm, Usta et al. [16] consider the downstream firm's cost reduction investment. Ge et al. [17] consider cost reduction investments of both the upstream and the downstream firms. In a supply chain with one upstream firm and multiple downstream firms, Banerjee and Lin [18] investigate the upstream firm's cost reduction investment. Banerjee and Lin [19] investigate cost reduction investments of downstream firms. In a supply chain consisting of multiple upstream firms and one downstream firm, Bernstein and Kök [20] and Bernstein et al. [21] study cost reduction investments of upstream firms. Fu et al. [22] investigate the problem of the downstream firm's cost reduction investment in upstream firms. Additionally, Mu and Cui [23] study the cost reduction problem in a supply chain by using the experimental approach and put forward theoretical model trust and incentive as the two kinds of interaction of the important mechanism in supply chain cost management. For more detailed discussions of cost reduction management in supply chains, see, for example, Ishii [24] and Li et al. [25] .
Although the above researches investigate the problem of cost reduction investment and quality improvement investment in supply chains from different perspectives, they assume that a chain member either conducts cost reduction investment or carries out quality improvement investment. No research investigates the problem of joint investments in cost reduction and quality improvement. Motivated by the gap that exists between theory and practice, this paper considers a supply chain where the downstream manufacturer purchases a product from the upstream supplier and then sells it to a quality and price sensitive market. The supplier has a chance to invest not only in cost reduction, but also in quality improvement. We first derive the optimal pricing decisions under any given investment strategy. Then, we characterize the optimal cost reduction and quality improvement investment strategies. We consider both the centralized and the decentralized supply chains. Finally, we develop a mechanism to achieve supply chain coordination.
The main contributions of our paper can be summarized as follows:
(1) We develop a model to study the problem of the supplier's joint investments in cost reduction and quality improvement in a supply chain environment. (2) We characterize the optimal pricing decisions in both the centralized and the decentralized supply chains, under any given investment strategy. (3) We derive the optimal investment strategies in both the centralized and the decentralized supply chains and obtain many interesting managerial insights. (4) We develop a mechanism to coordinate the decentralized supply chain and show that the developed coordination mechanism can result in Pareto improvement.
The rest of this paper is structured as follows. In Section 2, we describe the model. In Section 3, we study investment and pricing decisions in the centralized supply chain. Section 4 analyzes the decisions in decentralized supply chain.
Section 5 addresses the problem of supply chain coordination. Section 6 concludes the paper and outlines future works.
The Model
Consider a supply chain consisting of an upstream supplier and a downstream manufacturer. The supplier provides a product to the manufacturer, and then the manufacturer sells it to the market. The intrinsic production cost is , and the wholesale price of the supplier's product is .
The supplier has a chance to make investments not only in cost reduction, but also in quality improvement. We denote the reduction level in the supplier's production cost and the improvement level in the product quality, caused by the investments, as and , respectively, and the costs of cost reduction investment and quality improvement investment as ( ) and ( ), respectively. Similar to d' Aspremont and Jacquemin [26] and Ge (2014), we assume that ( ) is convexly increasing in and takes the form of
where in (1) is a parameter related to the marginal cost of cost reduction investment and > 0. Moreover, similar to Ghosh and Shah [27] and Ma et al. [13, 14] , we assume that ( ) is convexly increasing in and takes the form of
where in (2) is a parameter related to the marginal cost of quality improvement investment and > 0. We further assume that the supplier's investment activity is constrained by 0 ≤ 2 + 2 ≤ , in the sense that the total amount of resources that can be invested is limited. To ensure that the supplier's production cost is always positive, that is, − > 0, we require > / 2 . Customer demand ( , ) faced by the manufacturer is quality and price sensitive. Without loss of generality, we assume that the customer demand function is given by
where in (3) is the potential intrinsic customer demand, corresponds to the retail price of the product, corresponds to the quality level of the product, represents the demand sensitivity to the retail price, and represents the demand sensitivity to the product quality (see, e.g., [5, 28] ). The decisions to be made by the supplier and the manufacturer fall into three stages:
(i) In the first stage, the supplier chooses its investment strategy ( , ); that is, it determines the values for and , respectively.
(ii) In the second stage, the supplier chooses the wholesale price for the product to be charged to the manufacturer.
(iii) In the last stage, the manufacturer determines the retail price for the product.
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Both the supplier and the manufacturer are risk-neutral, in the sense that they will choose their decisions to maximize their own profits. Based upon the above description, we can obtain the profit functions of the supplier and the manufacturer, respectively, as follows:
Centralized Supply Chain
To provide a benchmark for the decentralized supply chain, we first study the decision problem in the centralized supply chain, where the manufacturer and the supplier make decisions to maximize the entire supply chain's profit, that is, the total profit of the manufacturer and the supplier. It follows from (4) and (5) that the profit of the entire supply chain can be written as
Note from (6) that the wholesale price vanishes. This is because is the internal transfer payment between the supplier and the manufacturer. Thus, in the centralized supply chain, the decision problem is to choose values for , , and . We will first consider the decision on the retail price , assuming that investment strategy ( , ) is given, and then investigate the investment strategy.
From (6), we have the following lemma.
Lemma 1.
For any given investment strategy ( , ), the optimal retail price * ( , ) for the centralized supply chain is
Proof of Lemma 1. Taking the first and the second derivatives of Π ( | , ) of (6) with respect to , we have
That is, the profit of the entire supply chain is strictly concave in the retail price. Thus, the optimal retail price for the centralized supply chain satisfies the first-order condition; that is, Π ( | , )/ = 0. Solving the first-order condition for , we get (7). We thus complete the proof of Lemma 1.
Lemma 1 characterizes the optimal retail price, under any given investment strategy. From Lemma 1, we know that the retail price decreases as the cost reduction increases. That is, a lower retail price will be set for the product with a lower production cost. Moreover, Lemma 1 also states that the retail price increases in the product quality . That is, a higher retail price will be set for the product with a higher product quality. The above insights are rather intuitive.
Next, we consider the optimal investment strategy in the centralized supply chain. Substituting = * ( , ) of (7) into Π ( | , ) of (6), the problem of investment strategy ( , ) can be written as
which is a two-dimensional constrained optimization problem. The following theorem provides a necessary condition for the optimal investment strategy.
Theorem 2.
For any given total amount of investment resources 2 + 2 , denoted by , 0 ≤ ≤ , the entire supply chain's profit function Π ( , ) of (9) achieves its maximum at
Proof of Theorem 2. For any given 2 + 2 = , we have
, and thus the entire supply chain's profit function Π ( , ) of (9) can be rewritten as
Clearly, for any given 2 + 2 = , maximizing Π ( ) is equivalent to maximizing
Taking the first derivative of ( ) with respect to , we have
which is decreasing in and indicates that ( ) is strictly concave in . With this, in conjunction with the facts that ≥ 0, 2 ≤ , lim →0 ( ( )/ ) > 0, and lim →( 1/2 / 1/2 ) ( ( )/ ) < 0, we know that the maximizer of ( ) is uniquely determined by the first-order condition; that is, ( )/ = 0. Solving the first-order condition for , we get = * ( ) of (10). Substituting = * ( ) of (10) into 2 + 2 = , we have = * ( ) of (11) . We thus complete the proof of Theorem 2.
Theorem 2 shows that the optimal investment strategy for the entire supply chain requires that the resources be invested not only in cost reduction, but also in quality improvement. After some algebra, we can show that, for any given total amount of investment resources 2 + 2 = , the cost reduction investment strategy and the quality improvement investment strategy are, respectively, as follows:
implying that the ratio of resources invested in cost reduction and quality improvement in the centralized supply chain is
Equation (17) states that when the parameter (or the parameter ) is relatively large, more resources should be invested to improve the product quality; when the parameter (or the parameter ) is relatively large, more resources should be invested to reduce the production cost. Second, in conjunction with * ( ) of (10) and * ( ) of (11), we can reduce the two-dimensional constrained optimization problem of (9) to the following one-dimensional constrained optimization problem:
That is, one can first determine the total amount of investment resources, that is, = 2 + 2 , and then choose and according to * ( ) of (10) and * ( ) of (11), respectively. We are now ready to establish the following theorem.
Theorem 3.
The entire supply chain's profit function Π ( ) of (18) is strictly concave in , 0 ≤ ≤ , and the optimal total amount of investment resources in the centralized supply chain is given by * 
where
Consequently, the optimal investment strategy in the centralized supply chain is given by * = 1/2
Proof of Theorem 3. Taking the first derivative of Π ( ) of (18) with respect to , we have, after some algebra, that
Clearly, Π ( )/ is decreasing in , and thus Π ( ) is strictly concave in . Consequently, the maximizer of profit function Π ( ) is uniquely determined by the first-order condition; that is, Π ( )/ = 0. Solving the first-order condition for , we can get of (20) . This, in conjunction with 0 ≤ ≤ , indicates * of (19) . Substituting = * of (19) into = * ( ) of (10) and = * ( ) of (11), respectively, we can obtain * of (21) and * of (22), respectively. We thus complete the proof of Theorem 3.
Theorem 3 characterizes the optimal investment strategy ( * , * ) for the centralized supply chain, which depends on supply chain parameters, such as , , , , , and .
Decentralized Supply Chain
In this section, we explore the decentralized supply chain, where the supplier and the manufacturer are independent decision-makers, and choose their optimal decisions by engaging in a three-stage game. We analyze the decision problem, using a three-stage approach.
The Third Stage.
Assuming that the supplier's investment and wholesale price decisions are given, the manufacturer determines a retail price for the product to maximize its profit.
From (5), we have the following lemma.
Lemma 4.
For any investment strategy ( , ) and wholesale price chosen by the supplier, the manufacturer's profit function Π ( | , ) of (5) is strictly concave in , and the optimal retail price is given by * ( , , ) = + + 2 .
Proof of Lemma 4. Taking the first and the second derivatives of Π ( | , ) of (5) with respect to , we have
That is, the profit of the manufacturer is strictly concave in the retail price. Thus, the optimal retail price for the manufacturer satisfies the first-order condition; that is, Π ( | , )/ = 0. Solving the first-order condition for , we get (24). We thus complete the proof of Lemma 4.
Lemma 4 gives the manufacturer's best response retail price * ( , , ). From Lemma 4, we can see that the response retail price increases not only in wholesale price , but also in product quality . That is, the downstream manufacturer with a higher procurement cost (i.e., wholesale price) will set a higher retail price for the product, and the downstream manufacturer will also set a higher retail price for the product with a higher quality.
The Second Stage.
Knowing that the downstream manufacturer sets the retail price * ( , , ) according to (24) , the upstream supplier chooses a wholesale price to maximize its profit, in the second stage. By substituting * ( , , ) of (24) into (4), we can rewrite the profit function of the supplier as follows:
This allows us to get the following lemma.
Lemma 5. For any given investment strategy ( , ), the supplier's profit function Π ( | , ) of (26) is strictly concave in , and the optimal wholesale price is given by
Proof of Lemma 5. Taking the first and the second derivatives of Π ( | , ) of (26) with respect to , we have
That is, the supplier's profit function is strictly concave in the wholesale price. Thus, the wholesale price for the supplier satisfies the first-order condition; that is, Π ( | , )/ = 0. Solving the first-order condition for , we get (27) . We thus complete the proof of Lemma 5.
Lemma 5 gives the supplier's best response wholesale price * ( , ). From Lemma 5, we can see that the response wholesale price decreases in the production cost − (i.e., the response wholesale price * ( , ) increases in the cost reduction ) and increases in the product quality . That is, the supplier with a lower production cost will set a lower wholesale price for the product, and the supplier will set a higher wholesale price for the product with a higher quality.
The First Stage.
Anticipating the best response retail price * ( , , ) of (24) and the best response wholesale price * ( , ) of (27), the supplier chooses its investment strategy to maximize its profit in the first stage. Substituting * ( , ) of (27) into Π ( | , ) of (26), the problem of the supplier's investment strategy ( , ) can be expressed as the following two-dimensional constrained optimization problem:
This enables us to derive the following theorem.
Theorem 6. For any given total amount of investment resources
= 2 + 2 , 0 ≤ ≤ ,
the supplier's profit function Π ( , ) of (29) achieves its maximum at
Proof of Theorem 6. For any given = 2 + 2 , we have
, and hence the supplier's profit function Π ( , ) of (29) can be rewritten as
Clearly, for any given = 2 + 2 , maximizing Π ( ) is equivalent to maximizing
In conjunction with ( ) analyzed in the proof of Theorem 2, we can get * ( ) of (30) and * ( ) of (31). We thus complete the proof of Theorem 6. Theorem 6 shows that the optimal investment strategy for the supplier in the decentralized supply chain requires that the resources be invested in both the cost reduction and the quality improvement. Comparing Theorem 6 with Theorem 2, we can conclude that the ratios of resources invested to achieve cost reduction and quality improvement are identical in the centralized and decentralized supply chains; that is, (
Consequently, the supplier can first decide the total amount of investment resources for production cost reduction and product quality improvement, that is, = 2 + 2 , and then set and according to * ( ) of (30) and * ( ) of (31), respectively. Based upon the above description, we can reduce the problem of the supplier's investment strategy ( , ) to the following one-dimensional constrained optimization problem:
This leads to the following theorem.
Theorem 7. The supplier's profit function Π ( ) of (34) is strictly concave in , 0 ≤ ≤ , and the optimal total amount of investment resources for the supplier in the decentralized supply chain is
Consequently, the optimal investment strategy for the supplier in the decentralized supply chain is * = 1/2
Proof of Theorem 7. Taking the first derivative of Π ( ) of (34) with respect to , we have, after some algebra, that
Obviously, Π ( )/ decreases as increases. That is, Π ( ) is strictly concave in , and thus the maximizer of profit function Π ( ) is uniquely determined by the first-order condition; that is, Π ( )/ = 0. Solving the first-order condition for yields of (36). This, together with 0 ≤ ≤ , leads to * of (35). Substituting = * of (35) into = * ( ) of (30) and = * ( ) of (31), respectively, we can get * of (37) and * of (38), respectively. We thus complete the proof of Theorem 7.
Theorem 7 gives the supplier's optimal investment strategy in the decentralized supply chain. Note from (20) and (36) that > . Then, we can get the following corollary from Theorems 3 and 7. chain is strictly lower than that in the centralized supply chain. This reveals the following important managerial insight: when > , the additional investment * − * will benefit the entire supply chain but will cause detriment to the supplier's profit. The reason is as follows: in the decentralized supply chain, the benefit caused by the investment is shared by the supplier and the manufacturer, but investment cost is undertaken by the supplier independently, and thus decentralization of decision-making will affect the enthusiasm of the supplier to make investment.
Corollary 8. (i) If
Second, because the ratios of resources invested to achieve cost reduction and quality improvement are identical in the centralized supply chain and decentralized supply chain, that is, (
2 (see the discussion following Theorem 6), we can conclude from Corollary 8 that * ≤ * and * ≤ * , for any ≥ 0. Moreover, when > , resources invested in cost reduction and those invested in quality improvement in the decentralized supply chain are both strictly lower than those in the centralized supply chain.
From Lemmas 1 and 4 and Theorems 3 and 7, we can make the following corollary.
Corollary 9. The optimal retail price in the centralized supply chain may or may not be lower than that in the decentralized supply chain.
Proof of Corollary 9. First, we can know from * ( , ) of (7), * of (21), and * of (22) that the optimal retail price in the centralized supply chain is given by * ( * ,
Second, we can know from * ( , , ) of (24), * ( , ) of (27), * of (30), and * of (31) that the optimal retail price in the decentralized supply chain is given by * ( * ( , ) ,
Because * ≤ * and * ≤ * , then * ( * , * ) may or may not be lower than * ( * ( , ), * , * ). We thus complete the proof of Corollary 9.
Some current studies on decentralized supply chains state that, due to the fact that the well known double marginalization [29] exists in decentralized supply chains, the optimal retail price in the decentralized setting is higher than that in the centralized setting (see, e.g., [30, 31] ). Our finding shows that when the upstream supplier makes investments to reduce its production cost and improve its product quality, the optimal retail price in the decentralized setting may or may not be lower than that in the centralized setting. The reason for our finding can be explained as follows: when the production cost of the product is reduced by the investment, the supplier will charge a lower wholesale price for its product, and then the manufacturer with a lower procurement cost will set a lower retail price for the product.
That is, the investment can the retail price. Second, when the product quality is improved by the investment, the supplier will charge a higher wholesale price for its product, and then the manufacturer with a higher procurement cost will set a higher retail price for the product. That is, the investment can the retail price. As a result, it is not clear how the retail price changes with respect to the investment level.
Corollaries 8 and 9 show that both the investment and the retail price decisions in the decentralized setting may deviate from those in the centralized setting. This, together with the fact that the profit of the entire supply chain is uniquely determined by the investment and retail price decisions in our model, implies that such deviations will lead to a loss in the supply chain profit.
Supply Chain Coordination
In Section 4, we have shown that decentralization of decisionmaking may be detrimental to the profit of the entire supply chain. In this section, we develop a coordination mechanism, aiming to enable the optimal investment and retail price decisions to be chosen by the supplier and the manufacturer in the decentralized supply chain. In addition to the wholesale price in the decentralized supply chain, the developed mechanism contains another three policies: sharing of revenue, sharing of cost reduction investment cost, and sharing of quality improvement investment cost. For convenience, we denote the developed mechanism as { , , , }.
(a) The wholesale price means that the manufacturer pays to the supplier for each unit of product purchased.
(b) The sharing of revenue means that the manufacturer shares percentage of its sales revenue to the supplier, 0 < < 1.
(c) The sharing of cost reduction investment cost means that the manufacturer shares percentage of the supplier's investment cost for achieving cost reduction, 0 < < 1.
(d) The sharing of quality improvement investment cost means that the manufacturer shares percentage of the supplier's investment cost for achieving quality improvement, 0 < < 1.
Under mechanism { , , , }, the total transfer payment from the manufacturer to the supplier can be expressed as ( , , , ) = ( − + ) + ( − + )
The first term in (42) is the payment caused by the wholesale price policy, the second term is the payment caused by the revenue-sharing policy, and the last two terms are the payments caused by investment cost-sharing policy.
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Accordingly, the profit functions of the supplier and the manufacturer under mechanism { , , , } can be expressed, respectively, as follows:
According to (43) and (44), we have the following theorem. 
(45)
Then, for any given 0 < < 1, both Π , ( , , , ) of (43) and Π , ( , , , ) of (44) achieve their maxima only at ( * , * , * ). That is, the decentralized supply chain is coordinated.
Proof of Theorem 10. Substituting (45) into Π , ( , , , ) of (43) and Π , ( , , , ) of (44), respectively, the profit functions of the two players under mechanism { ( ), , ( ), ( )} can be rewritten, respectively, as follows:
This, in conjunction with the fact that Π ( | , ) achieves its maximum at = * , = * , and = * , implies that, for any given 0 < < 1, both the supplier and the manufacturer prefer ( , , ) = ( * , * , * ). We thus complete the proof of Theorem 10.
Theorem 10 shows that the developed mechanism { , , , } with appropriate parameters can coordinate the decentralized supply chain. Here, we should point out that, in practice, an acceptable coordination mechanism should achieve Pareto improvement; that is, the profit of each player is no worse off and at least one player is strictly better off (see, e.g., [32] ). In the rest of this section, we will show that the profit of the coordinated supply chain under the developed mechanism { ( ), , ( ), ( )} can be arbitrarily divided between the two players, and hence each of the two players can benefit from the developed mechanism.
By substituting (45), = * of (10), = * of (11), and = * of (7) into Π , ( , , , ) of (43) and Π , ( , , , ) of (44), respectively, we can obtain the profits of the supplier and the manufacturer under the developed mechanism { ( ), , ( ), ( )}, respectively, as follows:
where Π ( * | * , * ) is the optimal profit of the centralized supply chain.
One can see from (47) and (48) that, under the developed mechanism { ( ), , ( ), ( )}, the supplier's profit increases as the revenue share increases, while the manufacturer's profit decreases as the revenue share increases. In addition, one can easily verify from (47) and (48) that lim →0 Π , ( ) = 0, lim →1 Π , ( ) = Π ( * | * , * )
and lim →0 Π , ( ) = Π ( * | * , * ), lim →1 Π , ( ) = 0. Consequently, the profit of the coordinated supply chain under the developed mechanism { ( ), , ( ), ( )} can be arbitrarily divided between the supplier and the manufacturer, and the parameter which can lead to Pareto improvement must exist. The result is summarized as the following corollary.
Corollary 11.
If the revenue share satisfies Π * Π ( * | * , * ) < < 1 − Π a lower bound of the revenue share , that is, > Π * /Π c ( * | * , * ). Of course, in practice, the actual value of can be determined by the bargaining power between the two players [33] .
Conclusion and Future Research
The existing studies on investments in cost reduction and quality improvement in decentralized supply chains suppose that a supply chain member either makes cost reduction investment or conducts quality improvement investment. This paper considers a supply chain where the upstream supplier can make investment in both cost reduction and quality improvement. Both the centralized supply chain and the decentralized supply chain are explored. Furthermore, the problem of supply chain coordination is investigated. The main results obtained in this paper are summarized as follows:
(1) There exists a unique optimal investment strategy and a unique optimal retail price decision in each of the two supply chains (i.e., centralized supply chain and decentralized supply chain).
(2) The optimal investment strategy in each of the two supply chains requires that the resources be invested in both cost reduction and quality improvement at the same time.
(3) The optimal investment strategy and retail price decision in the decentralized supply chain may deviate from that in the centralized supply chain.
(4) The optimal profit of the decentralized supply chain may be less than that of the centralized supply chain. The mechanism consisting of a wholesale price policy, a revenue-sharing policy, and two investment cost-sharing policies can be used to achieve supply chain coordination by setting mechanism parameters appropriately.
There are some directions for future work. An interesting topic is to investigate the upstream supplier's investment problem in a supply chain with uncertain demand. It is also interesting to consider the downstream manufacturer's joint investments in cost reduction and quality improvement.
